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Abstract
We review and discuss recent work exploring the implications of the Higgs field for
early universe cosmology, and vice versa. Depending on the model under consideration
the Higgs may be one of a few scalar fields determining the evolution and fate of the
Universe, or the Higgs field may be connected to a rich sector of scalar moduli with
complicated dynamics. In particular we look at the potential consequences of the Higgs
field for inflation and its predictions, for the (meta)stability of the Standard Model
vacuum, and for the existence of dynamical selection mechanisms in the landscape.
1 Introduction: implications of mh = 125 GeV
The observation of the Higgs boson in 2012 [1, 2], with a mass of 125 GeV, marked the last
piece of the Standard Model (SM) of particle physics to be discovered and inaugurated a new
era of precision Higgs boson physics. Further experiments have measured the properties and
couplings of the Higgs boson to increasing levels of precision and confirmed the consistency of
the discovered particle with the predicted properties of the SM Higgs boson [3, 4, 5]. Ongoing
and planned experiments at the energy and intensity frontier [6, 7, 8, 9] will measure the
Higgs boson couplings to greater levels of precision and test the predictions of the SM at
higher energies.
Despite the many recent successes, however, many deep questions remain. So far the
Large Hadron Collider has not observed any evidence for weak-scale supersymmetry or other
particles beyond the Standard Model, leaving the physics that sets the scale of the Higgs
boson mass unresolved. The “hierarchy problem” consists of the observation that the Higgs
boson mass is potentially sensitive to quantum corrections, and the bare (unrenormalized)
Higgs mass may therefore need to be fine-tuned in order for the physical Higgs boson mass
to end up many orders of magnitude smaller than the Planck scale. While many different
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mechanisms (such as weak-scale supersymmetry) have been proposed to resolve the hierarchy
problem, even in the context of these proposed solutions, the observed value of mh = 125
GeV does not clearly favor either a dynamical or an anthropic selection mechanism for the
exact value of the Higgs boson mass, nor whether this value is natural or fine-tuned (see e.g.
[10]). Continuing experiments at higher energies and intensities may help to resolve these
questions; however, the absence of data indicating the existence of new physics at higher
scales poses challenges for the design and implementation of the next generation of collider
searches. In this situation a convergence between particle physics and cosmology may be
best opportunity to probe or constrain model building, given that extremely high energies
have already been achieved by the conditions in the early universe. In this brief review, we
will discuss consequences of early universe cosmology for the physics of the Higgs field, and
vice versa.
While an energy desert between the electroweak and Planck scales, if confirmed, may be
disappointing from the point of view of particle physics and model building, it also raises
the possibility that the low-energy Standard Model continues to apply at very high energy
scales, providing direct connections between low and high energy physics. In particular the
Higgs field may be connected to the physics of inflation and reheating, with only minimal
modifications to the Standard Model required [11]. Other studies indicate that the measured
values of the Higgs and top mass, if continued via renormalization group (RG) running to
high energies, place the Standard Model on the edge of metastability [12, 13]. Measurements
at low energies (i.e., accessible at LHC scales and slightly above) energies may therefore be
of great significance for understanding the past and future evolution of our Universe.
So far the Higgs field is the only known candidate fundamental scalar field observed in
nature. Scalar fields are ubiquitous in models of primordial cosmology, however, especially
in models of inflation and (p)reheating (see e.g. [14, 15, 16, 17, 18]), and theories with
many scalar moduli fields can arise (and may even be required) as a generic prediction of
string compactification and supersymmetric field theory models. These additional scalar
moduli and their associated field condensates may have important consequences for models
of cosmology during and after the era of inflation, and may even affect the standard cosmic
history [19, 20, 21]. If the Higgs potential is only a small piece of a larger scalar sector, we
might hope that an understanding of the Higgs field and its dynamics at large field ranges
can help us to probe these additional fields and learn about the broader landscape.
The literature on the Higgs field and cosmology is quite extensive, and this brief review
is intended to serve as an introduction to a large and rapidly developing field. (For prior
reviews at the intersection of Higgs physics and cosmology, see e.g. [22, 23, 24, 25, 26, 27].)
The references provided are intended to be illustrative, but it should be emphasized that
they are by no means exhaustive. This review is organized as follows: in §2 we discuss
the Higgs field and inflation, starting with models where the Higgs field itself serves as the
inflaton, and continuing to discuss models where the Higgs field affects the generation of
primordial perturbations as a spectator field. In §3 we discuss the consequences of the Higgs
boson mass and couplings for the stability of the Standard Model vacuum. In §4 we discuss
the Higgs field and selection mechanisms in the landscape, paying particular attention to
dynamical selection mechanisms inspired by studies of nonperturbative moduli dynamics. In
§5 we conclude and indicate further directions.
2
2 The Higgs field and inflation
Inflation sourced by the energy of a slowly rolling scalar field can solve the flatness and
horizon puzzles in cosmology [14, 15, 16, 17], as well as provide a mechanism to generate the
primordial perturbations which form the seeds of structure [28] (see e.g. [29] for a review).
Given that the Higgs is the only known candidate fundamental scalar field in nature, it is of
interest to explore whether it is possible for it to serve as the inflaton. In a framework with
many scalar fields (such as may arise in string compactifications and in supersymmetric field
theories) there is no particular necessity for the Higgs and the inflaton to be the same field;
however, given that the Higgs is well understood at low energies it also serves as a useful
model for studying the behavior of scalar fields during inflation and shortly after the end of
inflation. In the subsection below we review the status of models where the Higgs itself is
the inflaton, and in the following subsection we discuss models where the Higgs affects the
growth of curvature perturbations and structure as a spectator field.
2.1 The Higgs field as the inflaton
The Higgs sector action in the Standard Model is given by
S =
∫
d4x
√−g (DµH†DµH + µ2H†H− λ(H†H)2) (1)
where H is a doublet under the SU(2) gauge group of the weak interactions1. The term
µ2 > 0 causes the symmetry to spontaneously break at low energies, and fluctuations around
the vacuum expectation value (vev) are parameterized by
H = 1√
2
(
0
v + h
)
, (2)
where v = 246 GeV is the scalar field vev, h is the scalar Higgs boson with massmh =
√
2µ =√
2λv, and we have chosen to work in unitary gauge, in which case the three additional
Goldstone boson degrees of freedom are eaten by the massive vector bosons. At large field
values h≫ v the potential energy is dominated by the quartic term,
S ≈
∫
d4x
√−g
(
1
2
∂µh∂
µh− λ
4
h4
)
. (3)
It is straightforward to show (see e.g. [17]) that this potential cannot source slow-roll inflation
and produce fluctuations consistent with the observed inflationary power spectrum for λ near
its low-energy value λ ≈ 0.13; a value closer to λ ∼ 10−13 would be required. It was shown
in [11] (see also e.g. [30, 31] for previous models of chaotic inflation featuring this term) that
the Standard Model Higgs can nevertheless serve as the inflaton with the inclusion of the
term
L ⊃ ξH†HR (4)
1Throughout this paper we will use H to denote the Higgs doublet field, h for the field corresponding to
the physical Higgs boson, hµν for the canonically normalized graviton field in flat space, and H to denote
the Hubble parameter.
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This is a renormalizable term which can arise naturally in the Standard Model coupled
to gravity, and may be measurable (or at least constrainable) in environments with large
spacetime curvature.
The Higgs field action with gravity at large field values h≫ v then becomes
S ≈
∫
d4x
√−g
(
M2P
2
R +
ξ
2
h2R +
1
2
∂µh∂
µh− λ
4
h4
)
(5)
which renormalizes the Planck mass for large field values of h. Switching to the Einstein
frame
gµν → gEµν
(
1 +
ξh2
M2P
)−1
, (6)
to fix the coefficient of the gravitational kinetic term, and writing the Higgs kinetic term
in Einstein frame in terms of the canonically normalized field φ, the potential at large field
ranges h≫MP/
√
ξ becomes
V (φ) ≈ λM
4
P
4ξ2
(
1 + e
−
√
2
3
φ
MP
)−2
. (7)
The final potential in terms of the canonically normalized field is an exponential, similar to
the predictions of R + R2 type models [32]. While it is easy to find a parametric window
where this potential satisfies the conditions for slow-roll inflation, a value of ξ ≈ 49000√λ
is necessary to keep the inflationary perturbations consistent with the observed power spec-
trum. The net effect of the (ξ/2)h2R coupling is therefore to flatten the Higgs potential at
large field values; here the flattening is accomplished by coupling to the gravitational field,
but this type of flattening effect can arise more generally when the inflaton backreacts on
heavy fields during inflation [33].2
It is straightforward to calculate the predicted values of inflationary precision observables,
such as the scalar tilt ns, the tensor-to-scalar ratio r and the non-Gaussianities (see e.g. [29]
for precise definitions of these quantities), given the form of the inflationary potential in
Equation (7): in [11] a few of these values are given as
ns ≈ 0.97 , r = 0.0033 . (8)
These values are consistent with current observations [36]; however, even if these precise
values are confirmed by experiment some extra information may be required in order to
provide evidence that such a potential corresponds to the Standard Model Higgs boson, and
an understanding of the reheating sector and corresponding cosmological history of this epoch
may be relevant as well. Precision observables in this class of models can also be affected by
non-renormalizable corrections between the electroweak scale and inflationary energies [37],
and the allowed parameter window can be increased further by including corrections such
as R2 terms that alter the form of the inflationary potential from that given in Equation
(7)[38].
2A related class of models is the Higgs-dilaton inflation model, which exchanges the dimensionful Planck
scale MP for the vev of an extra scalar degree of freedom. This has been used in [34, 35] to realize inflation
and dark energy within a single model.
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A more fundamental problem for this class of models concerns the consistency of the
model in an effective field theory (EFT) approximation: in [39, 40, 41, 42, 43] it was noted
that the Hubble scale during inflation Hinf ∼
√
λMP
ξ
is close to the EFT cutoff for the low-
energy theory for this particular class of models. Expanding the metric gµν = ηµν + hµν/MP
around flat space, the term ξh2R in the Lagrangian gives rise to graviton-Higgs couplings
that can cause unitarity of the EFT to break down at a cutoff scale MP/ξ. Similar issues
arise in different models of Higgs inflation, such as when a coupling of the Higgs field kinetic
term to the Einstein tensor GµνDµH†DνH is used instead to source inflation [46, 47], and
nonminimal couplings in the Higgs sector or couplings of the Higgs field to additional sectors
may also give rise to unitarity problems [44, 45]. In was noted in [43] that the renormalization
of the Planck constant at large h will make the cutoff scale field-dependent, which may help
with consistency during the inflationary era. However, connecting the effective theory that is
valid during inflation to the low-energy EFT may depend the details of the UV completion
and the accompanying nonrenormalizable corrections, (see also e.g. [48, 49]), and both
the form of the potential at high energies and the corresponding predictions for precision
observables in this class of models may depend sensitively on these corrections as well (see
e.g. [50]). As in the discussion in the paragraph above, these corrections may help relax the
predictions for precision observables from the values in Equation (8).
An understanding of the reheating sector and corresponding cosmological history of this
epoch may be relevant as well in order to investigate the role of the Higgs field in inflation.
Since the couplings of the Higgs field to the rest of the Standard Model are known, an
advantage of using the SM Higgs field as the inflaton is that the dynamics of reheating
to the Standard Model can in principle be calculated in detail. In [51, 52] it was shown
that the dynamics of SM gauge bosons have important effects on the Higgs decay, with
perturbative decays of the gauge bosons into fermions initially delaying or blocking the
formation of a parametric resonance, and backreaction of the gauge bosons on the Higgs
condensate eventually becoming important as well.The full dynamics of reheating through
the eventual formation of the resonance and eventual thermalization of the Standard Model
degrees of freedom need to be solved nonperturbatively, but can in principle lead to very
precise predictions.
2.2 The Higgs as a spectator field
Even when the Higgs field is subdominant to the potential energy of a different inflaton
field, it can undergo complex dynamics during and just after inflation, and these dynamics
may affect the generation and evolution of the inflationary perturbations. Several different
mechanisms have been explored, depending on whether the Higgs field plays a leading or
subleading role in the generation of perturbations.
In the curvaton scenario [53, 54, 55, 56] a spectator field (or fields) during inflation persists
afterwards as an oscillating condensate that comes to dominate the energy density of the
Universe, with gradient and potential energy that scales like ρ(t) ∝ a(t)−3, and its primordial
fluctuations become converted into adiabatic curvature perturbations before the curvaton
field decays. The Higgs was investigated as a candidate curvaton in [57, 58, 59], and its
perturbations can be converted to curvature perturbations through a variety of mechanisms.
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Such models generally predict constraints on the inflationary Hubble scale Hinf where the
specific constraints depend on the exact conversion mechanism used, and may predict testable
relations between the scale of inflation and the beta function of the Higgs (which in turn
is determined by the Higgs and top quark masses) [57]. Precision observables such as the
tensor-to-scalar ratio and primordial non-Gaussianities can also help to confirm or falsify
this scenario [58, 59, 60]. Since the Standard Model Higgs potential as given in Equation
(1) is expected to be subdominant to the inflationary potential, the curvaton decay must
be suppressed for a considerable time after the end of inflation in order for it to eventually
dominate the curvature perturbation. In [61, 62] it was shown that curvaton decay through
couplings to the Higgs field can be suppressed for awhile by the coupling of the Higgs to a
thermal bath of SM particle, which generates a (temporary) temperature-dependent mass
term.
Even when the energy of the Higgs field is itself too small to directly contribute to the
primordial curvature perturbations, it is still possible for it to play a role in generating
the inflationary perturbations. In the modulated reheating scenario of [63] the inflationary
perturbations are generated when the inflaton decays at the end of inflation, which the decay
rate Γ(h) being dependent on the value of the Higgs field. The fluctuations of the Higgs field
therefore determine the relative length of time inflation lasts in nearby observer patches and
become imprinted in the inflationary perturbations, without the Higgs field itself needing to
satisfy the slow-roll conditions. A similar scenario involves using Higgs portal couplings to
imprint inflationary perturbations from a dark sector (see for instance [64]).
Regardless of whether it plays a significant role during inflation or not, the dynamics of
the Higgs field itself during this era can be very complex and may lead to testable predictions.
Like all fields present during inflation, the Higgs field will undergo fluctuations with δh ∼
Hinf , forming a condensate which will begin to oscillate when H ≈ mh after the end of
inflation. The fact the the couplings of the Higgs field to the rest of the Standard Model are
known makes it possible to investigate the subsquent behavior and decay of the condensate
in some detail. The Higgs will decay perturbatively into SM particles, and can also decay
through nonperturbative particle production when the oscillations of the Higgs condensate
causes the gauge boson masses to become non-adiabatic; however, the rapid decay of SM
gauge bosons into fermions may delay or prevent the formation of a parametric resonance for
this channel [51, 52, 65]. Backreaction of produced gauge bosons on the Higgs field mass may
affect the decay process as well, and the decay of the Higgs may need to be solved numerically
[66, 67]. The final abundances of the various SM decay products will depend in detail on
the couplings to the inflationary sector and the expansion of the postinflationary universe
[68, 69], and may be accompanied a stochastic background of high-frequency gravitational
waves [70, 71] as well.
If the Higgs is coupled to gravity (as in the Higgs inflation scenario described in the
subsection above) the sudden changes in the kinetic term at the end of inflation may allow
the Higgs field to decay through very rapid preheating [72, 73]. Whether or not this leads to
a breakdown of the EFT for the Higgs field depends on what higher-dimensional operators
are present and may indirectly probe the dynamics of the UV completion [74].
Couplings between the Higgs and other scalar moduli fields during inflation may lead
to complicated dynamics as well, which can become imprinted on the inflationary power
spectrum if the Higgs couples to the inflaton. In the “Higgscitement” scenario of [75, 76] a
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model was explored where the potential in Equation (1) becomes moduli dependent, and in
particular the Higgs mass arises from a trilinear coupling
L ⊃ µ
2
2
(φ− φ0)
f
h2 (9)
where f is the scale of an axion-like modulus φ which oscillates rapidly in the early universe.
In this case the dynamics of the modulus φ may give rise to complicated dynamics where the
Higgs field rapidly transitions between symmetry breaking and symmetry preserving phases,
which may lead to production of stochastic gravitational waves, or affect the duration of
inflation and reheating [75], or may produce oscillatory features which are imprinted on
the primordial power spectrum [76] via irrelevant operators that couple the Higgs field to
the inflaton. These oscillatory imprints on the power spectrum may be quite distinctive if
observed, and even if they are generated by an unknown field with similar dynamics to the
Higgs field, would indicate the presence of spontaneous symmetry breaking dynamics.
3 The Higgs field and vacuum metastability
A general feature of models of scalar field landscapes is the possible existence of vacuum
transitions between different local minima, and it is of interest to explore the consequences
for our Universe if the Standard Model vacuum is metastable. Given that the Universe is
currently entering an approximate De Sitter phase it is perhaps to be expected that the
present vacuum may be metastable (see e.g. [77, 78]); remarkably, the measured values of
the Higgs boson and top quark masses and other parameters indicate that metastability
may already be visible in the Standard Model. Cosmological phase transitions arising from
vacuum instabilities in the past may also have interesting phenomenological consequences;
however, there is no evidence so far that this has occurred in the cosmological history of
the Standard Model. In the subsection below we discuss the consequences of the possible
metastability of the current SM vacuum, and in the following subsection we discuss the pos-
sibility of cosmological signatures from the beavhior of the Higgs field during the electroweak
phase transition.
3.1 Stability of the SM vacuum
Studying the loop-corrected renormalization group evolution of the parameters of the SM it
has been noted that the current measured values for the Higgs boson and top quark masses
predict that the Higgs coupling λ turns negative on scales above 1011 GeV or so, which may
make the SM metastable (see for instance [12, 13] and references therein). The beta function
at one loop is dominated by the quartic coupling λ and the top Yukawa coupling yt,
βλ =
dλ
d logµ
=
1
(4π)2
(24λ2 + 12λy2t − 6y2t ) + · · · (10)
where µ is the renormalization scale. Here we have neglected gauge couplings and other
Yukawa couplings, which are necessary to calculate the full beta function precisely. In
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[12, 13] the RG running of the SM parameters is calculated to two loops, and the scale µ0
where λ(µ0) turns negative is given in [13] as
log
µ0
GeV
= 11.3 + 1.0
( mh
GeV
− 125.66
)
− 1.2
( mt
GeV
− 173.10
)
+ 0.4
(
α3(mZ)− 0.1184
0.0007
)
(11)
The SM appears in fact to be close to the edge of metastability, with the fate of the vacuum
depending sensitively on the exact masses and couplings (see also [79]). Varying the Higgs
and top quark masses by only a few GeV from their measured values would restore stability
(which is ruled out at 2− 3σ in [12, 13]), motivating further precision studies of both these
parameters, e.g. at future linear colliders. The observation that the SM lies on the edge
of criticality between stable and unstable phases may have either a statistical/anthropic
explanation or a dynamical one (see also [80, 81] for landscape based proposals), and is a
pattern repeated elsewhere in the SM, since the smallness of the Higgs mass squared puts the
SM close to the boundary between phases with broken and unbroken electroweak symmetry.
It is also noted in [12, 13] that given the measured values of the Higgs and top quark masses,
both the Higgs quartic coupling λ(µ) and its beta function are nearly vanishing at the Planck
scale µ ∼MP ; however, it is not clear whether this is set by dynamics of quantum gravity at
or near the Planck scale (see e.g. [82, 83, 84]) or the near-vanishing is merely a coincidence3.
While the lifetime of the metastable electroweak vacuum is expected to be many times
longer than the present age of the Universe, the existence of the lower-energy (“true”) vacuum
provides a strong constraint on cosmological models of inflation and reheating [85, 86, 87, 88,
89, 90, 91, 93, 97, 98, 99, 100] (see also [101] for a recent review). It is necessary to make sure
that the SM vacuum is not destabilized by too high a reheating tempature or by inflationary
fluctuations δh ∼ Hinf which overtop the barrier if Hinf & 1011 GeV [85, 86, 87], and this
latter problem is especially difficult to avoid if future observations of tensor fluctuations
indicate that inflation took place at high scales [88, 89, 90]. The stability and the precise
bounds on the Hubble scale may also be affected by couplings to gravity [102, 97], and
also on possible couplings of the Higgs field to the inflaton (see also e.g. [99]) Resonant
instabilities during preheating and reheating may also destabilize the electroweak vacuum
[95, 96, 97, 98], which further constrains the potential couplings between the Higgs and the
inflaton. Constraints on the Higgs-gravity ξH†HR coupling coming from stability during
the postinflationary epoch were discussed in [103, 104].
If the vacuum does decay, given that the present vacuum energy is very slightly positive,
the region inside the bubbles will be anti-de-Sitter. In [91, 92, 93, 94] the consequences of the
decay to AdS regions for the global structure of the vacuum during and after inflation were
investigated: while the global structure of the universe during inflation depends on both the
rate of expansion of the inflating regions and the probability of ending up in the terminal
AdS vacua, and while the inflating patches may outnumber the AdS regions during and just
after inflation, once inflation ends the bubbles may destabilize the electroweak vacuum and
consume the entire space if the bubbles do not crunch before they have time to expand. The
exact nature of the decay, and whether it is dominated by quantum, thermal or stochastic
processes, depends on the relative scale of Hinf as well as the thickness and height of the
3Nevertheless, it is interesting to note that the initial conditions λ(MP ) = 0 were used to predictmh ≈ 126
GeV in [82], several years prior to the discovery of the Higgs boson.
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barrier [85, 91, 93]. Furthermore, it is possible that primordial black holes can serve to
nucleate the decay of the electroweak vacuum; this possibility was investigated in [105, 106].
The existence of the instability may have observable consequences even if the vacuum
remains stable throughout the history of our present observer patch. The presence of an
inflection point in the shape of the metastable Higgs potential may amplify the perturbations
of the Higgs field, possibly giving rise to primordial black holes [107, 108] or producing
gravity waves [109]. Alternatively, the stability of the Higgs vacuum during inflation and
reheating may indicate the presence of new physics that alters the form of the RG-improved
Higgs potential λ(h)h4/4 at large values of h: in [110] temperature-dependent corrections
were used to stabilize the electroweak vacuum during inflation and reheating, and in [111]
a (g/2)φ2h2 coupling of the Higgs to the inflaton stabilizes the electroweak vacuum during
inflation. In [112] the superrenormalizable coupling φH†H is used to assist with stability and
also favor the decay of the inflaton into the SM over possible hidden sectors. Corrections to
the Higgs potential may also arise through gravitational effects, giving rise to terms such as
V (φ)h2/M2P or h
6/M2P [111, 91], and through gravitational couplings to heavy moduli [?].
Other dynamical mechanisms that have been proposed to ensure that the Higgs ends up in
the electroweak vacuum include using time-dependent couplings to make the potential barrier
stronger in the past [114], coupling the Higgs to an additional spectator field [115], and in
[116] a Peccei-Quinn type mechanism is used both to stabilize the Higgs and to provide an
axion-like field as a dark matter candidate, in which case there may be a correlation between
the Higgs mass and dark matter abundance.
Note that a negative value for λ(µ) would also affect the form of the potential for the
specific Higgs inflation model described in Equation (7). The model can be rescued, however,
either if corrections to the potential (such as may arise from the UV completion) at high
energies restore λ > 0, and high-temperature corrections to the potential may keep the
electroweak vacuum stable during reheating [110]. If inflation takes place with λ(µ) > 0
near but slightly below its critical point µ . µ0, so that λ is close to zero, Higgs inflation
may be successfully realized for a much lower value of ξ,4 and the predictions for precision
observables may be substantially altered[117, 118, 119]. This scenario may also give rise to
features in the power spectrum, and even lead to the generation of primordial black holes
[120, 121, 122].
In moduli stabilization models descending from string compactifications it is noted that
all known moduli stabilization models uplifting to a de Sitter vacuum are at most metastable
rather than absolutely stable (see for instance [77, 78]). Since our own vacuum energy appears
to be positive it is therefore maybe not surprising that it should be metastable, but what is
perhaps surprising that the metastability should be visible already in the Standard Model,
and that the SM should lie so close to the edge of stability. In [93] it is suggested that
the metastability of the Higgs potential may in fact be the dominant effect that limits the
lifetime of the present De Sitter phase, in which case quantum gravity effects may somehow
be ultimately responsible for fixing the Higgs and top quark masses within a narrow window.
However, it is not a priori clear that the Higgs potential should be related to the cosmological
constant problem in this way, since these arise at very different energy scales; furthermore, we
4Recall from §2.1 that ξ ≈ 49000
√
λ is necessary to reproduce the observed amplitude of primordial
fluctuations.
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reiterate again that given the large number of moduli available in a generic compactification,
it is not clear whether we should expect that the Higgs field should be the only field involved
in determining the decay rate.
3.2 Electroweak phase transition
A much less catastrophic (but still consequential) metastability may arise at low energies,
during the electroweak phase transition [123, 124, 125, 126]. The phase transition arises in
the Higgs potential in Equation (1) once thermal corrections are included:
V (h, T ) =
1
2
m2(T )h2 − g3(T )
3
h3 +
λ(T )
4
h4 (12)
The most important correction term is the cubic term, which can be generated from the
thermal terms
− g3(T )
3
h3 ⊂ − T
12π
∑
i
(m2i (h))
3/2 . (13)
where the index runs over all bosonic degrees of freedom. For appropriate values of particle
masses and couplings, the transition can be first-order, in which case the subsequent de-
parture from equilibrium during vacuum decay and bubble collisions may allow electroweak
baryogenesis to occur. However, the measured values for the Higgs and other particle masses
in the SM indicate that the transition is second-order. Furthermore, the CP violation in the
Standard Model is too small for electroweak baryogenesis to successfully reproduce the ob-
served baryon asymmetry.
Several extensions of the SM have been proposed to make the mechanism viable, and
these usually require additional particles at or around the TeV scale to make the electroweak
transition first-order; see e.g. [127] for recent work on the subject. In this case cosmological
observables coming from bubble formation and collisions can serve as a cross-check on the
transition: these observables may include generation of gravitational waves [128, 129, 130]
and of primordial magnetic fields [131]. We emphasize, however, that since the electroweak
phase transition occurs at energies near those of particle physics, further evidence of new
particles at the TeV scale may be required as well in order to confirm that the phase transition
is a consequence of the Higgs field.
4 The Higgs field and the landscape
Can the Higgs field help us understand whether our low-energy vacuum is part of a larger
landscape, and what corner of it we inhabit? Conversely, we might ask whether top-down
considerations from string theory or field theory can lead to constraints or predictions for
models of low-energy Higgs physics. In addition to these general considerations, specific
models of moduli dynamics within the landscape can also help suggest dynamical mechanisms
with interesting consequences for Higgs physics.
Moduli fields are a general feature of supersymmetric field theories and string compactifi-
cations, where they can arise from the shapes and sizes of the compactification manifold and
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its subcycles, as well as higher-dimensional forms, fields and sources living there. The variety
of different types of moduli that can arise, as well as the many different techniques for their
stabilization (see for instance [77, 78]), is helpful for constructing realizations of specific low-
energy particle physics models in a UV-complete framework, but on the other hand the array
of options available limits the top-down predictivity of the larger framework. Nevertheless, a
few general statements can be made: one is that the existence of many moduli, which must
be stabilized in order to avoid appearing in the low-energy vacuum, seems difficult to avoid.
A second is that although supersymmetry leads to powerful calculational techniques in the
context of string and field theory, and worldsheet supersymmetry is an important part of
many formulations of string theory, spacetime supersymmetry at the electroweak scale is not
guaranteed (see e.g. [78, 132]). A third is that specific examples which realize the Standard
Model with mh = 125 GeV within the context of a fully worked model with all moduli fixed
can be found (see e.g. [133]), though it is not clear that these are enough to determine which
model of moduli stabilization may be realized in our universe.
Some of the strongest constraints on moduli and their stabilization come from cosmology:
the cosmological moduli problem [19, 20, 21] consists of the observation that the presence
of heavy moduli fields may overclose the universe. Fields φ displaced from the minimum of
their potential will remain frozen by Hubble friction until mφ ∼ H , at which point they will
begin to oscillate with ρ ∝ a(t)−3. If these decay to lighter particles or radiation through
gravitational strength couplings their decay rate can be estimated as
Γ ∼ m
3
φ
M2P
. (14)
In order to avoid spoiling the predictions of Big Bang Nucleosynthesis we require H ∼
Γ & 1MeV at the time of moduli decay, which implies that moduli must be stabilized with
mφ & 30 TeV.
Moduli fields that oscillate for awhile between a first and second period of reheating may
also give rise to a non-thermal history where a period of matter domination precedes the hot
Big Bang phase (see e.g. [134, 135] for a review). This was used in [136, 137] as a way to relax
the constraints on Higgs portal dark matter. Such models could also be complemented by
searches for rare Higgs decays at the high-intensity LHC, or indirectly through astrophysical
dark matter searches.
Even heavy moduli fields can have important consequences for the low-energy theory,
however: for instance, the potential of light fields may be affected by the backreaction and
rearrangement of heavy fields [33]5. Another effect from beyond the regime of validity of
perturbative field theory is particle production and moduli trapping at enhanced symmetry
points [138, 139]. This may arise in string theory models when two branes collide and
strings connecting them are formed and prevent further motion, in what may be considered
a stringy version of the Higgs mechanism. This phenomenon of moduli trapping may provide
a dynamical selection mechanism for trapping the evolution of scalar fields at points of
enhanced symmetry in the low-energy field theory landscape, perhaps helping to explain the
high degree of symmetry found in the Standard Model.
5As mentioned above, the model of Higgs inflation described in [11] can be considered an example of this
effect.
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Many models of moduli stabilization feature light moduli coming from flat directions
with a shift symmetry in the potential – these may arise from higher-form fluxes wrapping
the extra dimensions, which give rise to axion-like fields in the low energy theory. Instantons
break the shift symmetry nonperturbatively to a discrete shift symmetry (i.e., corresponding
to a periodic instead of a flat potential) and give the axions a mass; since the mass depends
exponentially on the instanton action, the possible range of values of axion masses may
span many orders of magnitude. (For explorations of cosmology with many ultralight axions
distributed across different mass scales, see e.g. [140, 141].) The axion may also have its
potential lifted by nonperiodic effects; this axion monodromy has been used to develop large
field models of inflation in string compactifications [142, 143]. Flat axion-like directions
have also been applied to search for dynamical mechanisms to stabilize the Higgs mass: the
relaxion mechanism [144] uses both the shift symmetry and its nonperturbative breaking to
stabilize the Higgs mass as follows: in the simplest version of this class of models the SM
Lagrangian is assumed to contain the extra terms
LSM = (−M2 + gφ)|h|2 + V (gφ) + 1
32π2
φ
f
G˜µνG
µν (15)
where φ is the inflaton, f is the axion decay constant, g sets the scale of shift-symmetry
breaking, M is the UV cutoff, and Gµν is the QCD field strength. Below the QCD scale
ΛQCD, the effective field theory becomes
(−M2 + gφ) + (gM2φ+ g2φ2 + ...) + Λ4 cos(φ/f) (16)
where the ellipses indicate radiative corrections of higher order in gφ/M2, and Λ is determined
by ΛQCD and by the quark masses. As the Higgs mass squared becomes negative, the
symmetry breaks and the Higgs field gets a vev, the quark masses increase and increase
the barrier heights in the oscillating potential, preventing further rolling of φ. This model
therefore provides a dynamical mechanism for making the smallness of the electroweak scale
technically natural, since it depends on the smallness of the symmetry-breaking parameters
g and ΛQCD. (The cutoff scale for this class of models may not be as high as the Planck scale;
however, there may be further physics to preserve naturalness at the cutoff.) Cosmological
constraints on this mechanism may be model-dependent but may be affected by cosmological
constraints on axion dark matter or long-range forces. The simplest versions of the model
also call for new physics (or a hidden sector) around the electroweak scale, which may be
accessible in either dark matter or collider searches. A similar class of mechanisms involves
coupling the Higgs field instead to higher-dimensional form flux backgrounds [145, 146] via
terms such as g
24
ǫµνρσFµνρσ|h|2, which decay via nonperturbative brane nucleation6. See also
[147] for a model where inflation is used to select a weak scale corresponding to the maximum
potential of an axion-like modulus.
Cosmological relaxation has also been proposed for fixing the size of the cosmological
constant [148] at much lower energy scales, and the authors of [145, 146] also discuss whether
both the Higgs mass and the electroweak and cosmological constant can be selected by the
same dynamical mechanism. It is difficult, however, to generate the hierarchy between
the electroweak scale and the cosmological constant using the same physics, and anthropic
arguments may need to be taken into consideration.
6Note that the four-form field is related to an axion by Poincare´ duality in four dimensions.
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5 Conclusions and future directions
In this brief review we have only scratched the surface of a rich and extensive subject,
and hopefully the literature discussed here will help guide the reader to further reading
on the Higgs field and cosmology. The Higgs field can play a variety of roles in the early
universe, either as a single scalar field or as part of a dynamic and complex scalar sector, and
cosmological constraints and observables have the potential to teach us a great deal about
the dynamics of the Higgs field. To summarize a few of the specific points discussed in this
review:
• While it is possible to build models where the Standard Model Higgs field serves as
the inflaton, generating the observed primordial power spectrum requires the quartic
Higgs potential to be flattened somehow at large field values. Coupling the Higgs to
gravity can accomplish this, but the existence of nonrenormalizable corrections to the
field theory means that this class of models may not be as simple to realize, nor its
predictions as specific and universal, as originally envisioned.
• Even when the Higgs field makes a subdominant contribution to the energy during
inflation, its dynamics may be imprinted on the primordial power spectrum via one
of several different mechanisms (e.g. curvaton, modulated reheating, or “Higgscite-
ment”). Precision observables such as the non-Gaussianities, the spectral tilt and the
tensor-to-scalar ratio can provide strong but model-dependent constraints on such sce-
narios. Furthermore, the fact that the Higgs couplings to the Standard Model are well
understood makes the Higgs useful for building models of reheating and the exit from
inflation.
• The measured values of the Standard Model parameters (and particularly the Higgs
mass and the top quark Yukawa coupling) are consistent with a metastable Standard
Model vacuum that lies close to the edge of stability. Ensuring that the Universe ends
up in the electroweak vacuum after inflation and reheating therefore provides a strong
constraint on model building. The fact that the SM is on the edge of stability may
have a dynamical or anthropic explanation, or a combination thereof.
• The electroweak phase transition will not be first-order, nor will CP violation be suffi-
ciently large for electroweak baryogenesis to occur, without extensions to the Standard
Model. If extensions to the SM do result in electroweak baryogenesis, however, cosmo-
logical signatures from the phase transition can be cross-correlated with observations
of new particles and couplings slightly at or above the TeV scale.
• Although it is difficult to predict where the SM vacuum may lie in the landscape, the
genericity of models with additional moduli raises the possibility that the Higgs couples
to additional scalar moduli with interesting cosmological consequences. Understanding
Higgs and moduli dynamics in the early universe may therefore help us understand
our place in the landscape, and whether it is dynamically or anthropically selected.
However, the cosmological constant problem still looms, and it is not clear that the
same dynamics can resolve both the cosmological constant problem and the hierarchy
problem simultaneously without resorting to anthropic arguments.
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• Nonperturbative dynamics of the Higgs field and other scalar fields may imprint ex-
perimental cosmological signatures such as features in the primordial power spectrum,
stochastic gravity wave backgrounds, or primordial magnetic fields.
In the coming years, measurements of the Higgs from the energy, intensity and cosmic
frontiers will combine to help us to identify and explore our corner of the landscape of
possible models. We hope that these studies will help us to understand the origin and fate
of our Universe, and help us understand the role that the concept of naturalness may play
as a guiding principle.
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